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Abstract:  

The folding and acquisition of native structure of proteins is central to all biological processes of life. By 

contrast, protein misfolding can lead to toxic amyloid aggregates formation, linked to the onset of 
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neurodegenerative disorders. To shed light on the molecular basis of protein function and malfunction, it is 

crucial to access structural information of single protein assemblies and aggregates under native conditions. 

Yet, current conformation-sensitive spectroscopic methods lack the spatial resolution and sensitivity 

necessary for characterizing heterogeneous protein aggregates in solution. To overcome this limitation, here 

we use photothermal induced resonance (PTIR) to demonstrate that it is possible to acquire nanoscale infrared 

spectra in water with high signal to noise ratio (SNR). Using this approach, we probe supramolecular 

aggregates of diphenylalanine, the core recognition module of the Alzheimer's disease β-amyloid peptide, 

and its derivative Boc-diphenylalanine. We achieve nanoscale resolved IR spectra and maps in air and water 

with comparable SNR and lateral resolution, thus enabling accurate identification of the chemical and 

structural state of morphologically similar networks at the single aggregate (i.e. fibril) level. 
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Proteins are central to essentially all molecular processes in living organisms, and typically carry out their 

activities by folding into a well-defined three-dimensional structure and by binding to other molecular species 

to form functional complexes. Several factors, however, including high temperature, high pressure, low pH, 

organic solvents and natural or post-translational mutations, can steer proteins to misfolding and promote 

their aberrant aggregation into amyloid fibrillar structures.1-6 Through this misfolding process, specific 

peptides or proteins can lose their native functional conformational state and generate toxic aggregates, which 

are found at the core of a broad range of human diseases, including neurodegenerative disorders such as 

Alzheimer’s disease.3 The development of short peptide models that adopt amyloid-like structure through 

hydrophobic7 and π-π interactions8 commonly found in amyloid structures, allow them to form 

supramolecular systems, which possess structural similarities to those found in amyloids. Among the wide 

range of self-assembling peptides, di-homopeptides, which can adopt amyloid-like fibrillar supramolecular 

structures, have been studied in great detail.9, 10 Diphenylalanine, FF, the core recognition module of the 

Alzheimer's disease -amyloid polypeptide, was shown to self-assemble into supramolecular systems and 

form nanotubes, nanospheres, nanofibrils, and hydrogels.8, 10, 11 The formation of complex supramolecular 

polymers by such simple building blocks has been key for establishing FF as an archetypical model for the 

study of the self-assembly processes. This di-homopeptide and its analogues have allowed intense study into 

the mechanism underlying amyloid-related disorders propagation and their physical properties through 

studying their nucleation and polymerization pathway.12 Several bulk techniques, such as Thioflavin T and 

Circular Dichroism have been developed to determine the structural properties of protein aggregates, yet 

these methods yield only average information, which is insufficient for characterizing the heterogeneous 

ensemble of species present in protein solutions.4, 13-15 

 Sensitive approaches for determining protein secondary and quaternary conformation and their 

aggregation are thus crucial to unravel their role in biological function and malfunction. An attractive 
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approach to determine proteins’ compositional and structural information is infrared (IR) spectroscopy 

ensemble technique.16 Recent advances in scanning probe techniques17-22 have provided the ability to acquire 

IR spectra with nanoscale spatial resolution, which allows for the separation and determination of specific 

structural species in complex populations.23,24 In particular, the photothermal induced resonance (PTIR) 

technique, also known as infrared nanospectroscopy (AFM-IR), has recently attracted much attention, due to 

the proportionality between the sample absorption coefficient and the PTIR signal,25-28 along with the close 

agreement between nanoscale PTIR spectra and conventional far-field IR transmission spectra with a spatial 

resolution of ≈ 20 nm to ≈ 50 nm.21, 29 These experiments have enabled nanoscale protein conformational 

analysis, allowing better understanding of the pathological amyloid fibrillar aggregation processes based on 

the determination of protein backbone conformation by the deconvolution of the conformation-sensitive 

Amide I band.20, 23, 28, 30, 31 Similarly, such analysis has enabled the characterization of protein-based bio-

scaffolds, carrier agents, estrogen receptors23, 24, 30, 32-34 and of cataract diseased tissues.35 Beyond biology, 

PTIR finds wide application in polymer science,36-38 photovoltaics,39-40 plasmonics,26, 41-43 and 

pharmaceutics.44 Moreover, the PTIR mechanical detection scheme does not restrict this method to the IR 

and operation in the near-IR and visible ranges have been recently demonstrated.29, 39, 40 

 While PTIR has opened a nanoscale observation window on protein conformation in heterogeneous 

biological systems, there is a strong need to develop measurement approaches compatible with liquid 

environments, which can allow gathering information that is more physiologically relevant. Yet, PTIR 

measurement in water are challenging45 due to the strong IR absorption background of water (from ≈ 500 

cm-1 to ≈ 1750 cm-1, and from ≈ 2800 cm-1 to ≈ 3800 cm-1) and because fluid drag dampens the atomic force 

microscopy (AFM) cantilever oscillations that yield the PTIR signal.  

 The first PTIR measurements in water45 were obtained a decade ago for the Candida Albicans fungi with 

1 µm to 2 µm thickness, by leveraging total internal reflection (TIR) illumination to minimize water direct 
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absorption. Only recently, a second set of PTIR experiments in liquid (D2O) was reported for polymethyl-

metacrylate (PMMA) samples with nanoscale thickness (20 nm to 50 nm).46 Measuring such thin samples in 

liquid required a boost of the PTIR signal-to-noise ratio (SNR), which was achieved by resonantly exciting 

the AFM cantilever21 and by nano-focusing the light in the sample volume confined between a Ge prism (nGe 

≈ 4.0), and a gold coated probe.46 Despite these sophisticated attempts, up to now, PTIR, and other nanoscale 

IR techniques, are considered not well suited for measurements in solution due to the low SNR achieved in 

practice (≈ 3.3 and ≈ 5 for the thick fungi45 and thin PMMA46 samples, respectively), which is insufficient 

for reliable band deconvolution and secondary structure identification. Because thus far PTIR data in liquid 

have been obtained for samples where no nanoscale absorption heterogeneities were expected, the resulting 

PTIR maps were either correlated or anti-correlated with the sample topography.45, 46 

 Here, we show that PTIR spectra in aqueous solutions can be obtained with high SNR (up to > 70). 

Furthermore, we demonstrate that PTIR maps and spectra on gold plasmonic resonators coated with a 200 nm 

thick PMMA layer are obtained in air and water with comparable SNR, lateral resolution and with a water 

absorption background that is comparatively weak with respect to the PMMA absorption. These samples 

were chosen as they are characterized by heterogeneous IR absorption at the nanoscale that is not correlated 

with their (flat) topography.26, 41 We further leveraged PTIR spectra in water and D2O to detect peptide 

conformation on fibrillar supramolecular aggregates composed either by diphenylalanine (FF) or its tert-

butoxycarbonyl (Boc)-modified derivative (Boc-FF) as model systems for amyloidogenic proteins. Along 

with being clinically relevant model compounds in the context of amyloid aggregation disorders, FF and 

Boc-FF have been chosen for this study as they yield fibrillar aggregates with similar morphology, whose 

different secondary structure cannot be inferred by morphology analysis alone. Thus, our results demonstrate 

the general capability to differentiate objects with similar morphology by their chemical and structural 

properties in liquid environment. We obtain IR spectra of individual nanoscale fibrillar aggregates in the 
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Amide I, II and III bands region (hereafter named protein fingerprint region) allowing chemical and structural 

identification of the FF fibrils in air, water and D2O. As these IR fingerprints, particularly the Amide band I, 

are related to the protein-backbone vibrations, they provide comprehensive insights into proteins secondary 

and quaternary structural properties. We successively measure structural differences between FF and Boc-

FF fibrils, without the need for subtracting the water absorption background, thus demonstrating the ability 

to assess quantitatively subtle secondary and quaternary structural differences in proteins with PTIR in liquid. 

 

Results/Discussion     

PTIR, also known as AFM-IR,17, 18 leverages narrow-band wavelength-tunable pulsed lasers for sample 

excitation along with an AFM probe as a near-field mechanical detector (Fig 1a) to measure IR spectra and 

maps with sub 20 nm spatial resolution.21, 29 Although PTIR setups that illuminate the sample from the air 

phase are common,18 measurements in the liquid phase require sample illumination in total internal reflection 

(TIR) using an optical prism, ZnSe in this work, to curb the water absorption background. In PTIR, the AFM 

probe transduces the light-induced thermal expansion of the sample into cantilever oscillations that are 

detected by the AFM detector. Si3N4 triangular AFM probes, without a metallic coating, were used in this 

work, demonstrating that high SNR is achievable in water even without resorting to the tip-induced field-

enhancement typically provided by gold-coated probes. PTIR experiments in this work were obtained using 

s-polarized light, with the exception of the data reported in Figure S1. 

PTIR absorption maps are obtained by scanning the AFM cantilever on the sample surface, while 

maintaining the laser wavelength fixed. Whereas, PTIR spectra are obtained by sweeping the laser 

wavelength maintaining the position of the AFM cantilever fixed. Through tuning of the PTIR laser repetition 

rate to match one of the cantilever oscillation frequencies, it is possible to increase the PTIR signal amplitude 

by the cantilever mode Q-factor,21 which is very effective in air (high Q-factors),21 as shown in Fig 1b. In 
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liquid, this mode of operation is key for obtaining PTIR data with sufficient SNR, although the fluid drag 

strongly dampens the AFM cantilever oscillations, thus reducing the Q-factors significantly (Fig 1b). 

 To demonstrate the ability of capturing high quality PTIR data in water we first obtained and compared 

data on an array made of gold asymmetric split ring resonators (ASSRs)26, 41, 42 coated with 200 nm PMMA 

film either in air or in water (Fig. 2). We chose this sample for several reasons. First, previous extensive 

PTIR characterization in air have shown that similar samples exhibit spatially heterogeneous absorption at 

the nanoscale.26, 41, 42, 47 Second, since the sample displays only small variations in thickness, the correlation 

between a spatially heterogeneous absorption and sample thickness (i.e. topography) can be excluded. Third, 

as the sample top layer is chemically homogenous, possible artefacts due heterogeneity of the tip-sample 

mechanical contact48, 49 (i.e. possible sensitivity of the PTIR signal to the sample mechanical properties) can 

be excluded. The ASSRs studied here have plasmon resonances of ≈ 9 µm and were fabricated by electron-

beam lithography and lift-off on a ZnSe prism.41 The ASSRs have a diameter of 1750 nm ± 50 nm, thickness 

of 180 nm ± 10 nm and a pitch of 3012 nm ± 22 nm, as determined by AFM. After the deposition of the top 

PMMA layer, the sample shows an AFM maximum topographic variation of 70 nm ± 10 nm. The 

uncertainties throughout the manuscript represent a single standard deviation in the measurements on 

nominally identical resonators. The surface plasmon resonance (SPR) is a characteristic optical resonant 

response observed in noble metal nanostructures, which can be engineered by controlling the structure, 

composition size and shape.50, 51 The nanoscale confinement of light, which promote locally enhanced light-

matter interactions is one of the most studied benefits provided by SPRs.41, 50-52 For example, in the mid-IR, 

SPRs can be exploited for chemical identification by boosting the sensitivity of IR spectroscopy, an effect 

known as surface enhanced infrared absorption (SEIRA).26, 41, 50, 51, 53 The AFM topography maps in air (Fig 

2a) and water (Fig 2b) are quite similar and show the topographic outlines of the buried resonators and that 

the sample surface is rather flat. The PTIR maps (s-polarization 1188 cm-1, corresponding to vibrations of 
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the ester group of PMMA) in air (Fig 2c) or water (Fig 2d) display the SEIRA enhancement (hot spots) 

arising from the field confinement near the resonators gaps.26, 41 These images, obtained using a phase locked 

loop (PLL, see methods), demonstrate that PTIR imaging in water can be achieved without significant 

difference of resolution or SNR (≈ 17 and ≈ 35 in air and water, respectively). Similar conclusions can be 

derived from the PTIR data obtained with p-polarization (see Fig S1). Although the lower Q-factors in water 

limit the effectiveness of the cantilever resonant excitation for amplifying the PTIR signal, they increase the 

bandwidth over which the PLL can effectively track the cantilever resonance, which is key for obtaining high 

quality images with this method. In Fig. 2 the SNR of the PTIR image in water exceeds the one in air because 

the chosen AFM probe is well adapted to water operation and because of the broader bandwidth over which 

the PLL is effective in water. Representative PTIR spectra of PMMA obtained in the hot spot locations (Fig 

2e), also display high SNR (235 ± 13 and 70 ± 7 in air and water respectively). Comparison with the PMMA 

spectrum in water (Fig 2e), obtained away from the resonator, reveals SEIRA enhancement factors up to ≈ 

30 in the hot-spot locations. 

 Having tested the PTIR capabilities in liquid on PMMA, we next characterize diphenylalanine (FF) 

supramolecular fibrillar aggregates as a model system to assess the capability to resolve chemical signatures 

and conformation of the polypeptide in water. FF, the core recognition module of the Alzheimer's disease β-

amyloid polypeptide and its Boc modified analogue were shown to self-assemble into supramolecular 

systems and form a wide array of ordered structures,11, 54 thus establishing FF as an archetypical model for 

the study of the fundamental principles governing the self-assembly process of proteins. In Figure 3, we 

show characteristic AFM morphology and PTIR absorption (1615 cm-1) maps of FF nanotubes with 

nanoscale diameter in air (Fig.3a and SI Fig. 2) and in water (Fig.3b and SI Fig. 3). The comparison of the 

IR maps in air and in water demonstrates that PTIR imaging in the liquid phase does not lead to a significant 

loss in spatial resolution, in agreement with the measurement on PMMA. PTIR spectra at selected locations 
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on the fibrillar samples cover the Amide I (1700 cm-1 to 1600 cm-1), amide II (1580 cm-1 to 1500 cm-1), to C-

C ring vibrations and partially to Amide III (1500 cm-1 to 1400 cm-1) regions both in air and in water 

(SI Fig. 2-4). As shown in Fig. 3c, the spectra in water and in air show a high degree of similarity along the 

whole protein fingerprint spectral range and match previous data reported in literature.55 A more accurate 

comparison of the spectroscopic signatures can be obtained evaluating the second derivatives of the PTIR 

spectra (Fig. 3d). In the Amide band I region, both in water and in air, we can observe a sharp peak (1690 

cm-1) that corresponds to antiparallel -sheet conformation. The spectra present a slightly different shape 

between 1640 cm-1 and 1600 cm-1, a variation that can be associated to changes in the hydration state of the 

NH3
+ groups (absorption at ≈ 1600 cm-1) and to the presence of residual water absorption (between 1640 cm-

1 and 1600 cm-1) within the nanotubes. The Amide II band shows absorption peaks at 1555 cm-1 and 1520 

cm-1. As the Amide II absorbance arises from NH vibrations, the small spectral differences in this region can 

be again related to the different hydration state of the sample when in air or liquid. Along with the amide 

bands, sharp bands associated to C-C ring vibrations at 1605 cm-1, 1495 cm-1, 1452 cm-1 and 1430 cm-1 are 

observed in the spectra. Due to the high quality PTIR data in water, the chemical signature and structural 

conformation of the FF fibrillar aggregates at the nanoscale can be determined with confidence. Similarly, it 

is possible to identify chemically and structurally the FF fibrils in liquid D2O environment (SI Fig. 4). This 

is not surprising, as D2O is commonly used to avoid spectral overlap between amide IR absorption bands and 

the H2O absorption. 

 To assess further the PTIR capabilities in liquid, we focused on the Amide I vibrational signatures to 

investigate the structural differences between FF and Boc-FF nanotube aggregates (see AFM morphology in 

Fig 4a-b). The FF and the Boc-FF peptides chemical structures (Fig. 4a-b) only differ by the presence of the 

tert-butyloxycarbonyl group. To determine their secondary structure, and to rule out any possible influence 

related to the water absorption background on the conformational analysis due to partial spectral overlap, the 
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aggregates were formed in D2O. We could easily obtain chemical information from individual fibrillar 

aggregates with diameters smaller than 200 nm (SI Fig. 2, 5, 6). In Fig. 4c, we show the PTIR spectra 

comparison of the Amide band I region highlighting the different backbone structures of the two fibrillar 

aggregates. As expected based on the different chemical structure, spectra of the Boc-FF aggregates show an 

increased absorption at 1730 cm-1 due to the additional carboxylic group with respect to the FF fibrils. Boc-

FF also possesses a carbamate group absorbing at 1696 cm-1,55 which overlaps with the antiparallel -sheet 

absorption and contributes to a shift of the amide I band towards higher wavenumbers, thus justifying the 

different position of this structural-sensitive feature between Boc-FF and FF aggregates. Finally, as the 

presence of the tert-Butyloxycarbonyl group confers a larger conformational freedom with respect to FF, the 

Boc-FF fibrils spectrum exhibits an additional amide I contribution (1664 cm-1 to 1655 cm-1), that is related 

to the -helix and 3-helix conformations. This analysis was confirmed by the observation of the second 

derivatives of the spectra (Fig 4d). 

 

Conclusions     

 To conclude, we demonstrate the identification of the chemical signature of individual fibrillar 

aggregates measured in water at the nanoscale, enabling the determination and comparison of their secondary 

structural conformation. Our data confirm that the FF and Boc-FF fibrils differ structurally at the individual 

fibril level due to the presence of -helical conformation of the Boc-FF with respect to the pure β-sheet 

conformation of FF. This highly sensitive and nanoscale-resolved characterization can thus be further applied 

for studies of more complex aggregating systems in water. We believe that the development of advanced 

biophysical methodologies, capable of bridging morphological and structural properties investigations of 

amyloid-like aggregates at the nanoscale, represents a fruitful avenue to address the challenges of fully 
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understanding protein self-assembly, to unravel monomer misfolding and to elucidate the molecular 

mechanisms of neurodegeneration. Furthermore, as an ever-growing class of functional amyloids has been 

recently found to occur naturally in disease-unrelated biological processes and as many artificial peptides can 

form amyloid-like structures in-vitro, we believe this work will influence protein research in a broad set of 

applications. Finally, recently introduced nano-sized AFM probes leveraging integrated cavity opto-

mechanics that yield significantly increased PTIR sensitivity, time resolution and throughput,22 hold further 

promise for an improved PTIR performance in liquid thanks to a much reduced cantilever drag. 

 

Methods/Experimental 

 

PTIR sample preparation and deposition. H-L-Phe-L-Phe-COOH (FF) was dissolved in HO and DO at a 

concentration of 1 mg/ml to form supramolecular aggregates as previously reported.56 N-(tert-

butoxycarbonyl)-L-Phe-L-Phe-COOH (Boc-FF) stock solutions at a concentration of 10 mg/ml were 

prepared in absolute EtOH and then diluted at a ratio of 1:10 in HO and DO to allow formation of aggregates 

as previously reported.11 An aliquot of each sample was deposit on a hydrophobic ZnSe prism for further 

analysis.23, 57 

PTIR data acquisition. A modified commercial PTIR setup29 using TIR illumination and interfaced with 

an external-cavity quantum cascade laser (EC-QCL) array covering the spectral range from 769 cm-1 to 1763 

cm-1 was used for the PTIR experiments. The repetition rate of the EC-QCL source (tunable between 0.1 kHz 

and 2000 kHz) was set to match one of the cantilever oscillation mode in air or liquid (see fig 1b) to resonantly 

exciting the AFM cantilever (resonance-enhanced PTIR).21 For imaging a phase locked loop (PLL) was used 

to maintain the contact resonance excitation condition throughout the measurement. The samples were 

deposited from solution onto right angle ZnSe prism substrates. Triangular Si3N4 cantilevers with a nominal 
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length of 120 µm ± 5 µm and a first resonance frequency (non-contact in air) of 65 kHz ± 15 kHz, were used 

in the PTIR experiments. After deposition, the sample solution was replenished with a syringe filled with 

either H2O or D2O as needed. In the experiments both the sample and the AFM cantilever were completely 

immersed in the liquid. The PTIR instrument was operated in ambient atmosphere without precautions to 

prevent hydrogen-deuterium exchange of the liquid phase with ambient humidity during the measurement. 

PTIR data analysis. PTIR spectra on PMMA are averages of 5 single spectra taken at the same location. No 

further data processing was performed. The SNR in the PTIR spectra was determined as the ratio of the PTIR 

intensity at 1160 cm-1 and the standard deviation of the PTIR signal in the range between 1510 cm-1 and 1560 

cm-1 where the PMMA spectrum is typically flat. The uncertainties of the SNR were calculated as the 

standard deviation of the SNRs of five spectra measured under the same conditions. The SEIRA enhancement 

was determined as the ratio of the PTIR intensity at the hotspot locations with respect to the intensity of the 

PTIR spectrum away from the resonators. Before calculating the ratio, five PTIR spectra were averaged and 

then smoothed, using a finite impulse response digital filter. 

The SNR in PTIR images of the plasmonic resonators was determined as the ratio of the maximum PTIR 

amplitude value and the standard deviation of the PTIR amplitude away from the hotspots. 

The spectra of the peptides were processed first by averaging at least 10 nominally identical spectra 

obtained in a given sample position. To remove the water contribution from the FF spectra, a reference 

spectrum was obtained with the AFM in contact with the substrate (water background spectrum). The two 

spectra are first normalized to their maximum intensities and then either subtracted or divided leading to 

similar results (SI Fig. 3). Later the spectra were smoothed by adjacent averaging (3 points) Savitzky-Golay 

filter (2nd order, 12 points) and finally their maximum intensities were normalised to one for comparison. For 

band deconvolution, second derivative spectra (2nd order, 9 points) were calculated from the normalized 

spectra. All these operations were carried out in a commercial statistics software package.  
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Figure 1. PTIR set up in water. a) PTIR measurement schematic. The sample is illuminated from below 

in TIR configuration. The AFM cantilever transduces the photo-induced thermal expansion of the sample 

as measured by the AFM detector. b) AFM cantilever contact resonant frequencies in air (orange) and 

water (blue).  
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Figure 2. Comparison of PTIR measurement in air and water. AFM topography images of gold 

plasmonic resonators coated with 200 nm PMMA layer in air (a) and water (b). Corresponding PTIR 

absorption images (1188 cm-1) in air (c) and water (d). All images were obtained using s-polarized light. 

All scale bars are 1.0 µm (e) Comparison of representative PTIR spectra in water obtained from a hotspot 

location and on the PMMA film away from the resonator (reference). 
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Figure 3. PTIR measurement of FF fibrils in air and H2O. Morphology and IR absorption map (1615 

cm-1) for FF fibrils in a) air and b) H2O. c) Comparison of the average PTIR spectra covering the Amide 

I band (green), amide II (blue) and C-C ring (orange) spectral regions. The + symbols mark the locations 

where the individual spectra reported in the SI Figs 2-3 where acquired. d) Comparison of the second 

derivatives of the spectra in the Amide band I and C-C ring absorption. 
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Figure 4. PTIR structural comparison of FF and Boc-FF fibrils in D2O. Chemical structure and AFM 

morphology map of a) Boc-FF and b) FF fibrils. c) Comparison of the fibrils average PTIR spectra in the 

Amide I (green and yellow) and C=O stretching vibration (red) spectral ranges. The + symbols mark the 

locations of the individually acquired spectra, reported in SI Fig. 2-3.  d) Comparison of the second 

derivatives spectra in the Amide band I region.   
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Supplementary Figure 1. PTIR measurements with p-polarized light. Topography images of gold 

plasmonic resonators coated with 200 nm PMMA layer in air (a) and water (b). Corresponding PTIR 

absorption maps at 1188 cm-1 of resonators in air (c) and water (d). All images were obtained using light with 

p-polarization. All scale bars are 1.0 µm. (e) Comparison of representative PTIR spectra in water obtained 

from a hotspot location and on the PMMA film away from the resonator (reference). 
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Supplementary Figure 2. PTIR spectra of FF fibrils in air and D2O. a) As recorded, b) averaged (dotted 

line) and smoothed (full line) PTIR absorption spectra obtained from the FF fibrils in air. The as recorded 

spectra in a) were obtained from the 3 locations indicated by the blue crosses on the FF fibril in Fig. 3a; while 

the average spectrum in b) derives from the average of all the spectra acquired at the 3 positions. c) As 

recorded, d) averaged (dotted line) and, smoothed (full line) PTIR absorption spectra obtained in D2O from 

position on the FF fibril  marked by the blue cross in Fig. 4b.  
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Supplementary Figure 3. PTIR spectra of FF fibrils in H2O. a) As recorded, b) averaged (dotted line) and 

smoothed (full line) PTIR absorption spectra of the FF fibril obtained in the position indicated by the red 

cross in Fig. 3b in water. c) Comparison of PTIR spectra obtained on a fibril and on the bare substrate. d) 

Spectrum obtained by dividing or subtracting the PTIR spectrum of FF with respect to the PTIR spectrum 

obtained on the substrate showing the typical spectral feature expected via literature comparison.47 Average, 

smoothed and normalized spectrum of FF in H2O considering e) subtraction or f) division of the water 
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background as measured on the substrate. Because the PTIR signal is proportional to absorption, for our 

analysis in the main text, we used spectra obtained by subtracting the water absorption background. 

 

Supplementary Figure 4. Comparison of average PTIR spectra of FF fibrils in air, H2O and D2O. a) 

Averaged and smoothed IR absorption spectra collected from the FF aggregates obtained in air (black), water 

(red) and D2O (blue). The spectra show high similarity. The amide band in the antiparallel -sheet region 

shifts, as expected, to lower wavenumbers for the spectrum in D2O. Differences in the Amide band II arise 

from the differences in the protonation state in the different environment. b) Comparison of the second 

derivatives spectra in the region of the C-C ring absorption (orange region in panel a), demonstrating accurate 

chemical recognition. 
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Supplementary Figure 5. Average PTIR spectrum of FF fibrils in D2O with 200-300 nm thickness. a) 

AFM map of the FF aggregates in D2O. The blue + symbols mark the locations of spectra acquisition while 

the blue line marks the position of AFM height profile, which identify the fibril size (diameter). b) Averaged 

(dotted line) and smoothed (full line) PTIR absorption spectra. 

 

Supplementary Figure 6. PTIR spectra of Boc-FF fibrils in D2O. a) AFM map of the Boc-FF aggregates 

in D2O their cross-sectional AFM height. b) Averaged (dotted line) and smoothed (full line) PTIR absorption 

spectra at the location indicated by the green cross in fig. 4a. 

 


